A new process combination is proposed to link geothermal electricity generation with desalination. The concept involves maximizing the utilization of harvested latent heat by passing the turbine exhaust steam into a multiple effect distillation system and then into an adsorption desalination system. Processes are fully integrated to produce electricity, desalted water for consumer consumption, and make-up water for the geothermal extraction system. Further improvements in operational efficiency are achieved by adding a seawater reverse osmosis system to the site to utilize some of the generated electricity and using on-site aquifer storage and recovery to maximize water production with tailoring of seasonal capacity requirements and to meet facility maintenance requirements. The concept proposed conserves geothermally harvested latent heat and maximizes the economics of geothermal energy development. Development of a fully renewable energy electric generation-desalination-aquifer storage campus is introduced within the framework of geothermal energy development.
Introduction
Most renewable energy methods for electricity generation cannot be used to provide base-load into the grid system (e.g. solar and wind generation) and also suffer a number of inefficiencies in the generation process. Electricity generation using geothermal energy harvesting does provide a base load to the grid, but commonly is not very efficient because of wasted latent heat occurring after steam passage through the turbine. The steam passing through the turbine is commonly vented to ambient after the first or second cycle with no additional beneficial use or is condensed to produce process water for reuse. Many current geothermal electric generation facilities extract hot water/steam from wells which is converted to electricity using direct dry steam or the single-flash steam process [1] . The mixture of steam and liquid produced by wells is separated into two phases using a cylindrical cyclone pressure vessel [2] . The vessel is commonly oriented in a vertical configuration wherein the phases separate due to their relative density difference. Although many of these systems have been successfully operated for decades, such as in Iceland, Indonesia, Japan, and New Zealand, the development of potential geothermal resources of this type is geographically restricted to locations with unique geologic characteristics (e.g. volcanic and permeable aquifers) and has a range of aquifer water temperatures ranging from 80 to 150˚C [1] [2] [3] [4] [5] [6] [7] . Capture and use of water/steam from geothermally heated aquifers is not always a renewable resource and most heat reservoirs have a finite lifeexpectancy based on a higher heat harvesting rate vs. the heat flux into the system. The imbalance of the heat or water budget limits the useful life of the resource.
Another approach to geothermal energy production is the utilization of hot dry rock heat (HDR) reservoirs. Large regions of the world contain HDR at depths ranging from 1 to 5 km beneath surface with corresponding temperatures ranging from 100 to 350˚C with even greater temperatures below 5 km [8] [9] [10] [11] [12] . A considerable amount of theoretical analysis and experimental work has been conducted on HDR geothermal electricity generation, particularly in the United States at the Fenton Hill site located in New Mexico, and in other countries (China, Australia) [8, [12] [13] [14] [15] [16] . However, the capital cost and investment return on these systems is somewhat problematical compared to lower cost conventional electricity generating systems based on some past economic analyses (global warming issue not considered) [11, 17, 18] . One of the several factors that influence cost is the necessity of producing ultra-pure water for use in the injection and recovery well system [15] . In order to provide a more favorable economic return, another income stream could be generated, such as desalination of seawater, which would also be a source of the required ultra-pure water for the geothermal heat extraction system.
Geothermal-powered desalination has been investigated on a theoretical basis for many years with the concept of using pre-heated water from thermal springs or hot groundwater for either indirect desalination with electric generation first or direct desalination by heating the feedwater [19] [20] [21] [22] [23] [24] [25] . Some geothermal desalination systems have been constructed and are operating, but mostly are low-enthalpy systems with small capacities [26] [27] [28] [29] [30] . The concept of linking geothermal-generated electricity and desalination at a large scale has been previously suggested [24, 31] . While the low-enthalpy geothermal systems do provide a renewable energy source that can facilitate desalination processes, they cannot produce the necessary water temperatures, in most cases, to properly heat feedwater to meet the needs of conventional thermal desalination technologies, such as multi-stage flash distillation (MSF) or multiple-effect distillation (MED). Developing desalination technologies, such as thermal distillation (TD) and adsorption desalination (AD) can be directly powered using geothermal (hot water) systems for heating the feedwater [32] [33] [34] . Seawater reverse osmosis (SWRO) desalination cannot be directly powered by geothermal energy and must use electricity generated from some type of power plant.
The objectives of this research are to fully integrate geothermal electricity generation using a HDR source with multiple seawater desalination process trains to improve system operational efficiency as proposed in a recent patent filing by the authors [35] . The improvement in operational efficiency and the revenue stream from sale of potable water will produce an improved economic return from geothermal energy development. Two thermal heat desalination processes have been linked to the electricity generation to conserve the latent heat harvested from the geothermal system, thereby making the entire system more efficient and improving the cost-benefit ratio for using geothermal energy. SWRO has also been co-located on-site along with additional storage (aquifer storage and recovery (ASR)) to produce a geothermal-electricity generationdesalination-storage water campus.
Methods
Research was conducted on the configuration of existing electricity generation facilities with emphasis on the efficient use of stream obtained from a geothermal source and a new scheme was developed to link thermal desalination processes with the steam turbine system discharge to maximize the conservation of latent heat through the system. In addition, the fully integrated electric generation and desalination system was further incorporated into the operation of the closed-loop geothermal heat collection system to provide the required make-up water. This heat cycling process was assessed to determine the best operational steam temperature to achieve efficient electric generation and desalination. Further, a SWRO desalination system was linked to the electric generation on the same site along with an ASR system to demonstrate the concept of a geothermal electric generation-desalination-water storage "campus" with the objective of achieving full operational flexibility to meet seasonal fluctuations in water demand, scheduled maintenance of facilities, and emergencies caused by equipment failure or other crises.
The specific inefficiencies being addressed are: (1) wasted latent heat vented to ambient in standard geothermal electric generation designs, (2) imbalances between electric demand and generation capacity, (3) imbalances between desalination capacity and treatment capacity of a desalination plant, and (4) reduction in maintenance down time with regard to electricity generation and/or desalination. The desired multiple process design would need to address each of these issues in a comprehensive and integrated manner.
Results

Electric generation from HDR source
Conventional electric generation from a geothermal water and/or steam source requires a minimum temperature of about 150˚C [36, 37] . Current drilling technology does allow borehole penetration to depths at which temperatures can exceed 500˚C. Rock and fluid temperatures in many petroleum and gas reservoirs exceed 300˚C, such as in the Haynesville Shale in East Texas and North Louisiana where the temperature at 3,600 m ranges between 260 and 380˚C [38] . At the HDR test site in New Mexico, the bottom hole temperature at 4,600 m below land surface was 320˚C [15] . While it is possible to develop an HDR geothermal heat harvesting scheme to produce water at quite high temperatures, a critical issue likely to limit the operational water temperature is the supercritical state of water at 374˚C. Production of water above this temperature could lead to geochemical mobilization of a variety of dissolved substances, such as silica, that could lead to undesired scaling that would necessitate some type of expensive treatment system [39] . HDR geothermal energy development involves the construction of two or more deep wells having designated injection and recovery functions (Fig. 1) . To improve subsurface heat exchange efficiency, the hot rock body could be developed by drilling a well containing a horizontal offset and then hydraulically fracturing the rock as suggested by Brown et al. [15] . The horizontal part of the injection well is hydraulically fractured to increase the apertures of natural fractures and to create new fracture permeability for more efficient heat exchange and transmission to the recovery well. The paired recovery well(s) is drilled into the fractured rock, intersecting it at a right angle so the vertical borehole gathers the heated water passed through the fractures. The lower part of the recovery well may require hydraulic fracturing to achieve a more direct connection to the fractures created in the horizontal offset because these induced fractures will have an essentially vertical orientation. By fracturing the vertical recovery well borehole, a series of fracture intersections are achieved at right angles (Fig. 2) .
The closed-loop geothermal heat recovery system operates by pumping distilled water (cool) into the injection well under pressure. Heat exchange occurs in the fractures within the horizontal offset. The heated water then enters the recovery well and is conducted under pressure to land surface, where the superheated water is allowed to flash to steam in front of the turbine. The desired temperature of the steam ranges between 250 and 300˚C. The make-up water from the closed loop heat collection systems would be obtained from one or both of the thermal distillation processes being operated. The proposed system stream temperature at the well head is 180˚C for the integrated design scheme. It is possible than a steam/water separation unit may be required before the electric generation turbine.
Integration of the thermal desalination processes with electric generation
A considerable quantity of super-heated steam will discharge from the electric generating turbines for either regeneration (second cycle) or venting to ambient. Some of the steam could be regenerated (by reheating) for additional electric generation by passing through another turbine and all or some of the stream could be allowed to pass downstream into the thermal desalination processes. Electric generation/desalination hybridization is already becoming a common practice in the Middle East with associated gains in energy efficiency [40, 41] and additional improvements in process integration will tend to reduce the overall energy use and cost of desalination [42] . However, further integration of the electric generation and thermal desalination processes can be achieved. If it is assumed that the discharge steam after passing through the electric generation turbine is still at about 140˚C, then the loss of energy is quite significant. An example of a typical geothermal flash steam electric generation plant of 10 MW capacity is shown in Fig. 3 . The estimates percentages for 1 unit of heat extracted from the HDR well can be calculated for various efficiency issues. These values are given in Table 1 . Fig. 2 . Diagram showing the geometry of a horizontal offset well that has been hydraulically fractured with a vertical recovery well that has also been hydraulically fractured. The intersections of fractures within the effective hydraulic collection radius of the recovery well is improved allowing more efficient flow of water through the closed loop. Fig. 3 . Geothermal flash steam electrical generation plant (from Stober and Bucher [43] ). Note that wasted latent heat is discharged through the cooling tower. Hot steam vented from the turbine would first be directed into a heat exchanger system that would heat the feedwater for a multiple-effect (MED) desalination system (Fig. 4) . This system would operate efficiently at a steam inlet and outlet temperature of 200 and 100˚C, respectively. The steam temperature at the head of the MED process would be 100˚C which would sustain the top-brine temperature (TBT) at 65-70˚C.
There could be several steam heating applications occurring in the downstream MED process, such as the AD cycle. Therefore, a side-stream pipe could be used to direct some steam to the re-heating end of the process (Fig. 5) . A second source of latent heat is contained within the discharge water from the MED process. This water would have a temperature of about 5-10˚C. However, the enthalpy of the vapor is Fig. 4 . Schematic diagram showing the HDR geothermal energy development system used to generate electricity and desalinate seawater. Note that the captured heat in the form of steam passes through the generation turbines and through two desalination processes before it is condensed to water for reinjection. The processes within the facility are fully integrated to maximize efficiency by conservation of latent heat. not condensed, but would be recirculated back into the MED cycle for more water production with the aid of a steam-driven ejector compressor.
The cooled steam leaving the MED process would still have some remaining latent heat that could become the energy source for operation of an AD system or a membrane distillation (MD) system. AD systems require lower operating temperatures in the range of 65-90˚C [44] [45] [46] . Recently, the full integration of MED-AD systems has been suggested as a means of reducing the energy consumption and overall cost of thermal desalination [47, 48] . MD is another thermal desalination system that requires relativity low feedwater temperatures for successful operation [34, [49] [50] [51] [52] [53] . The MD process could also be used in the downstream thermal desalination processes as a substitute for AD or along with AD. However, the cooling function of AD creates another full system synergy within the overall process.
AD desalination technology produces two useful product streams, desalted water and chilled water [54] [55] [56] . The chilled water stream is also useful within the full facility integration for the HVAC system in all onsite facilities and to facilitate condensing of the remaining steam for use in the closed-loop geothermal heating collection system. Also, operational adjustments can be made on the AD system to control the desired production rate of desalted water vs. the rate of chilled water production. This would be of considerable value based on seasonal changes in water demand and required HVAC loading rates.
Creation of a geothermal-driven electric generationdesalination-storage campus
Linkage and integration of the geothermal-generated electric generation with the two thermal desalination processes does achieve a significant degree of improvement in energy utilization, but there are additional operational efficiencies that can be obtained. The co-location of a SWRO water treatment plant and a treated water ASR system would reduce the overall energy consumption for desalination because the RO process uses significantly less energy for seawater conversion (Fig. 6) [57, 58] . Also, SWRO commonly produces water in some regions (e.g. the Arabian Gulf and Red Sea) that does not meet drinking water standards because of the high total dissolved solids concentration in the feedwater. By co-locating the thermal desalination and SWRO facilities, the product waters can be blended to meeting the drinking water standard and reduce post-treatment costs of the very pure thermally desalted water.
An additional degree of operational efficiency and a higher degree of water security can be achieved by locating an ASR system on the site to achieve a complete "geothermally-driven energy/water campus." The link between operational ASR and desalination processes has been previously suggested [59] [60] [61] , but Fig. 6 . Improvement of operational efficiency and reduction in overall desalination costs can be further improved by adding the SWRO process and ASR. This allows better system integration. not linked with geothermal energy development. Water from the three on-site treatment process facilities would be pumped into the ASR system for storage when there is excess capacity and recovered when needed to meet peak demands, for water security, for emergency use, and during facility maintenance cycles. The ASR system allows maintenance to be performed on any component of operation without interruption of potable water flow to the distribution system. Facilities optimization can be achieved and the methods of operation "tuned" to any set of conditions that may occur with the ability of making adjustments in time as conditions change.
Discussion
It is a goal of all researchers in desalination to reduce the energy consumption in the desalination process which, in turn, reduces the carbon footprint. By coupling geothermal electric generation with multiple desalination processes and storage, a facility will operate as a fully renewable energy system that provides both electricity and potable water. While many researchers and design engineers have developed hybrid systems linking electric generation with desalination, little attention has been given to full integration of multiple processes to maximize operational efficiency. The full integration of geothermal derived heat, in the form of combined steam and hot water, with electric generation and thermal desalination processes is new and has considerable merit using the concept of latent heat conservation. In many cases, the generation of electricity using geothermal energy vents the waste steam to ambient causing the loss of harvested latent heat that can be used to desalt seawater using downstream processes. The loss of energy is roughly equivalent to a loss of 5-7% of electric generation capacity with an ambient steam discharge temperature of less than 140˚C.
The fundamental concept is to arrange the desalination processes in a configuration that requires lesser energy (heat) in the downstream direction, therefore using as much of the geothermally harvested latent heat as possible. Also, increased operational efficiencies may be achieved by using side streams of steam to apply to appropriate parts of the thermal desalination processes. Using AD as the terminal thermal desalination process provides another operational advantage created by the ability of the process to produce chilled water which can be utilized in several different ways including facility air conditioning and in aiding condensation of the remaining steam to obtain process water from the geothermal heat recovery system. Co-locating a SWRO facility with the MED and AD units provides another reduction in the overall production cost for desalting water. Electricity can be conducted directly to the SWRO plant using a very short transmission connection. Water produced from the process can be blended with the virtually distilled water coming from the thermal processes, thereby not requiring additional staged treatment within the SWRO plant. Further, operation of the HVAC system within the SWRO plant can be aided by using the chilled water stream from the AD plant. The hybrid concept of electricity generation, MED and SWRO has been proven to be effective at saving operational energy and cost. With the addition of AD, the hybrid efficiency is again increased.
In many arid regions, there is some seasonality in the demand for potable water and great fluctuation in electricity use [62] . With addition of an ASR component to the power/desalination campus, potable water can be stored to meet seasonal peak demands and for emergency use. Electric power cannot be readily stored to meet peak demands, but using excess power to desalt water during lower demand periods with placement into storage until it is needed improves overall system efficiency. The most efficient and costeffective facilities are those that operate continuously at near their full capacity, so the ASR system allows this to occur. The overall power-desalination-storage campus concept allows the maximum economic efficiency to be achieved.
Conclusions
Use of geothermal energy to power electric generation and desalination is very desirable because of the generally renewable nature of the energy source. HDR geothermal reservoirs occur beneath a large percentage of the Earth's surface, but the heat harvesting well systems and surface infrastructure are expensive and require advanced technologies. To make HDR geothermal energy systems more economic, a second source of revenue is required. Therefore, the linking and integration of a number of thermal desalination processes with electric generation meets this need. Also, additional efficiencies are achieved when a SWRO facility is added along with an on-site ASR system. At many electricity facilities using geothermal energy, waste steam is discharged to ambient causing significant loss of harvested latent heat that could be utilized to desalt seawater by using bled steam at low pressure to power the multi-effect distillation (MED) processes with a typical gain-to-output ratio (GOR) of 8. The exergy loss is roughly equivalent to a loss of 5-7% of electric generation capacity with an ambient steam discharge temperature of less than 75˚C.
The concept of a geothermal-powered electricdesalination-storage "campus" facility has the potential to provide a fully renewable system that has an extremely high efficiency. This concept could make HDR geothermal energy development projects become very competitive with conventional energy systems with resulting reductions in greenhouse gas emissions. Also, the use of ASR would mitigate the imbalances between electric demand and generation capacity, balance potable water demand and treatment capacity of a desalination plant(s), and reduce in maintenance down time with regard to electricity and water treatment.
